Abstract
Introduction

46
In nature, metabolism is not restricted to the cytosol. Metabolic activity can occur in the 47 periplasm, on cell surfaces, or even extracellularly in the environment. When 48 extracytosolic enzyme expression occurs, it is often to convey an advantage to the cell 49 that is not possible with the enzyme in the cytosol. For instance, E. coli alkaline 50 phosphatase is expressed in the periplasm to detoxify compounds before they can enter 51 the cell and to allow the enzyme better access to the extracellular environment for 52 scavenging phosphate (7). Penicillium decumbens secretes cellulases presumably to 53 break down extracellular substrates into a form amenable to uptake by the cell for further 54 metabolism (18) . Each of these enzymes exists as a component of larger metabolic 55 pathways (phosphate and cellulosic material metabolism) and each has evolved for non-56 cytosolic expression to facilitate the physiological goals of their respective pathways. 57
58
In microbial biotechnology, the objective is typically not physiological but commercial in 59 nature: to increase the titer of a small-molecule metabolic product. Though the goal has 60 changed, the lessons we can learn from natural systems remain. The cytoplasm is not 61 always the best choice for enzyme expression because cytoplasmic conditions are not 62 necessarily optimal for enzyme productivity. One such system is the intramolecular 63 lactonization of hydroxyacids such as 4-hydroxyvalerate (4HV) to lactones such as 4- 64 8 pMMB206G-PON1 and pMMB206G-tPON1 with PstI and XbaI and ligating into a 147 similarly digested pRK415-tphoA. 148
149
Culture Conditions 150
For shake-flask scale 4VL production experiments, recombinant P. putida harboring the 151 plasmids pRK415-tesB and pMMB206G-PON1 or pMMB206G-tPON1 was cultured in 152 50 mL LB in a 250 mL shake flask at 32 
Results
238
Determination of PON1 Localization using PhoA Protein Fusions 239
To demonstrate the integrated bioprocessing system for the production of 4VL, it was 240 first necessary to establish the localization of the PON1 lactonase. We suspected that the 241 G3C9 PON1 variant (1) might export from the cytosol using an N-terminal sequence 242 (Figure 2 ). In particular, we identified key similarities between the first 23 amino acids 243 of G3C9 PON1 and E. coli alkaline phosphatase, a protein known to export from the 244 cytoplasm. First, the spacing between the two lysines in the N-termini of these two 245 proteins was identical. These lysines are cationic at physiological pH and can associate 246 with negatively-charged phospholipid heads in a cell membrane. Second, both N-termini 247 have several hydrophobic residues between these two lysines, which would help anchor 248 that part of the protein inside a cell membrane. Comparing the N-termini of native 249
human PON1 with G3C9 PON1 shows that the spacing between the two cationic residues 250 differs substantially between the two proteins. We suspected that this difference would 251 allow G3C9 to export from the cytosol. Considering that G3C9 PON1 was evolved from 252 human PON1 with the goal of functional expression in E. coli (1) Table 1  270 for constructs in E. coli and P. putida, along with data from a quantitative PNP-based 271
PhoA assay of E. coli construct lysates. These data show that in both organisms, PON1-272 tPhoA is exported from the cytosol while tPON1-tPhoA is not, indicating that PON1 is 273 capable of export from the cytosol and that the first 23 N-terminal residues of PON1 are 274 essential for this process. Interestingly, the PON1-tPhoA construct had approximately 275 twice the activity of PhoA alone. This may be due to differences between the export 276 signal sequences between PON1 and PhoA ( Figure 2) . 277
278
Confirmation of Extracytosolic PON1 Expression using Lactonase Assays 279
To provide additional verification of extracytosolic PON1 expression, whole-cells and 280
lysates of E. coli expressing PON1 and tPON1 were assayed for lactonase activity at low 281 pH (6.2) and high pH (7.2) (Figure 3) . Based on the results of the PhoA fusion studies in 282 the previous section, PON1 should be an extracytosolic lactonase while tPON1 should be 283 14 a cytosolic lactonase. Thus in whole-cells, PON1 should be exposed to the extracellular 284 pH while tPON1 should be exposed to only the intracellular pH of approximately 7.5. In 285 lysates, however, both PON1 and tPON1 should be exposed to the medium pH, as there 286 is no cytosolic membrane to shield them. As the degree of PON1-catalyzed lactonization 287 is known to be pH-dependent (19), PON1 exposed to lower pH values produces more 288 4VL from 4HV. Thus lactone production can be used to estimate the pH that PON1 is 289 exposed to and consequently to identify whether PON1 is localized intracellularly or 290 extracytosolically. At an extracellular pH of 6.2, both whole-cells and lysates containing 291 PON1 are highly active, while only the lysate from tPON1 cells is highly active at this 292 pH (Figure 3a) . Whole-cells expressing tPON1 are only minimally active, achieving only 293 1.5-2.0% conversion of 4HV into 4VL. At an extracellular pH of 7.2, the results were 294 essentially the same (Figure 3b ), the only difference being that the more active samples 295 were limited to 4% conversion by the higher pH. The tPON1 sample here again achieves 296 approximately 1.5-2.0% conversion, presumably because the tPON1 in whole-cells is 297 exposed to the same higher intracellular pH (7.5) irrespective of the medium pH value. 298
299
Effect of Medium pH on 4-Valerolactone Production 300
To better understand how medium pH affects lactone production, we assayed whole E. 301 coli cells expressing PON1 for their ability to convert 75 mM 4HV into 4VL at pH values 302 of 5.9, 6.2, 6.4, 6.7 and 7.2. E. coli cells expressing tPON1 and no PON1 (empty plasmid 303 control) were also tested at a pH of 6.2, and the conversion of 4HV into 4VL was 304 monitored over time. Both the rate and amount of conversion were strongly dependent 305 on the pH, with lower pH's allowing for the highest conversions but at lower production 306 15 rates (Figure 4 ). Higher pH values allowed for more rapid conversion but the conversion 307 leveled out at a much lower level. This behavior is consistent with a pH-dependent 308 equilibrium being established between 4HV and 4VL, a phenomenon that has previously 309 been observed (19). The pH effect on lactone production is significant -a decrease of a 310 single pH unit (from 7.2 to 6.2) creates a 7-fold improvement in lactone production 311 (Figure 4) . The extracytosolic version of PON1 produced 11-fold more 4VL than tPON1 312 at a medium pH of 6.2. 313 314
Production of 4-Valerolactone from Levulinate in Shake Flasks 315
The above observations of PON1 localization outside of the cytosol and the lactonization 316 reaction being strongly pH dependent were combined to create an integrated 317 bioprocessing approach to producing 4VL (Figure 1) . Recently, we found that P. putida 318 is capable of producing high concentrations of 4HV from levulinate when E. coli 319 thioesterase II (tesB) is expressed (15). Thus by supplying levulinate to recombinant P. 320 putida expressing tesB and PON1, first 4HV and then 4VL is produced. Because low pH 321 values can inhibit P. putida growth, 4VL production from levulinate was done in two 322 phases. In the first phase, recombinant P. putida cells expressing tesB and either PON1 323 or tPON1 were grown in LB medium supplemented with levulinate and the pH was 324 unregulated. During this time 10.9 ± 1.3 g L -1 and 12.0 ± 0.9 g L -1 of 4HV were 325 produced in the PON1 and tPON1 cultures respectively, and the pH of the cultures rose to 326 approximately 8.0-8.5 (data not shown). No 4VL was detected during the first phase. 327
After 96 hours, the cultures were split into two halves and the pH of the medium in each 328 half was adjusted downward to either 6.3 or 7.3. During this second phase, lactone Tables   550   Table 1 
